Abstract. Terminal Restriction Fragment Length Polymorphism (T-RFLP) was used to determine the diversity of the bacterial and archaeal populations in a bioleaching column charged with a lowgrade chalcopyrite ore and operated at 50 o C. Differing populations were identified in the leachate and the column solids but there was not discernible effect in respect of location in the column.
Introduction
Mineral bioleaching is a method by which some low-grade ores can be processed economically. However, little is known about the population dynamics of the microorganisms that play a vital role in the metal extraction process. Sulphide ore heaps represent heterogeneous microbiological habitats with gradients of pH, O 2 , CO 2 and nutrients [1] . Therefore spatial variations in microbial populations within these systems would be anticipated.
Due to the difficulties of sampling, most studies on the microbial diversity in sulphide heaps have been undertaken by sampling the leachate. However, the formation of biofilms encasing microorganisms attached to the mineral surfaces is a well recognised phenomenon, and therefore, in order to obtain a complete picture of the biodiversity of a heap it is necessary to assess the diversity of microbial populations associated with the ore as well as the leachate.
In this study, the microbial population dynamics of a bioleaching column was examined, including partitioning between the leachate and ore and the influence of location within the column.
Materials and methods
An experimental column charged with low-grade chalcopyrite ore (approximately 0.5% copper) was inoculated with a consortium of ten microorganisms, seven bacterial species (Acidimicrobium ferrooxidans DSMZ 10331 Leachate. Column leachate, collected after 275 days, was processed as described by Mutch et al. [2] . Bacterial and archaeal 16S rRNA gene clone libraries were generated, followed by sequencing and analysis of representative bacterial and archaeal 16S clones. The extracted DNA was then analysed by Terminal Restriction Fragment Length Polymorphism (T-RFLP).
Ore. Replicate ore samples were collected aseptically after 424 days from four depths in the column; top, mid-top, mid-bottom and bottom. Total DNA extraction of these samples was achieved using the FastDNA® SPIN Kit for Soil and the FastPrep® Instrument (MP Biomedicals, Santa Ana, CA, USA).
Terminal restriction fragment length polymorphism (T-RFLP) analysis.
Polymerase chain reaction (PCR) amplification of the 16S rRNA gene was performed using specific bacterial (fluorescently labelled WellRED D2 (Sigma-Genosys, Australia) 27F and unlabelled 1492R) and [4] ) as described by Hallberg et al. [5] .
Restriction digests were then performed on successfully amplified products (5 µl) using MspI AluI, CfoI, and HaeIII for bacterial products and AluI, CfoI, and HaeIII for archaeal products. After 2 h digestion the reactions were stopped and precipitated [5] and pellets resuspended in 10 µl Sampling Loading Solution (SLS, Beckman Coulter). Of the resulting digested samples, 2 µl was mixed with 38 µl SLS containing 0.25 µl of a 600 -DNA size standard (Beckman Coulter). Samples were then analysed by capillary electrophoresis using a CEQ800 genetic analysis system (Beckman Coulter). Terminal restriction fragments (T-RFs) were determined by comparison of their mobilities with the size standards. The relative abundance of each T-RF was calculated using the T-RF peak area relative to the total peak area.
T-Align [6] was used to compare replicate T-RFLP profiles in order to generate consensus profiles to identify shared and unique T-RFs within and between the column samples. Putative identifications of microbial species using the individual T-RFs from the column were deduced by comparison with T-RFs in the Bangor University database [7, 8] .
Results
Column microbial diversity. Twelve bacterial and six archaeal PCR-RFLP types were identified in the leachate. Their proportions and closest relatives are listed in Table 1 . T-RFLP analysis of the leachate revealed a similar level of diversity to that of the clone libraries. Terminal fragment analysis of the bacterial 16S rRNA gene amplified from the leachate, digested with MspI showed two dominant T-RFs (76 and 493 nt) (identified as Pa11 [9] and At. caldus respectively) accounting for 30% and 26% of the total bacterial community respectively (Fig. 1) . The ore was dominated by two T-RFs (59 and 493 nt) (unidentified and At. caldus respectively) that accounted for 42% and 20% of the total bacterial community on the ore (Fig. 1) .
The archaeal population of the leachate was dominated by one T-RF (369 nt, AluI digest), identified as F. acidiphilum. Similarly, the archaeal population of the ore was dominated by one T-RF identified as F. acidiphilum (data not shown).
The influence of depth on microbial diversity. T-RFLP analysis of the ore samples consistently identified the bacterial T-RF, 493 nt, MspI digest (identified as At. caldus) at all depths (Fig 2) . T-RF 59 nt was co-dominant at each depth but in lower proportions. The archaeal T-RF, 369 nt, AluI digest (F. acidiphilum) was also identified at all depths within the column (data not shown). 
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Discussion
Of the original ten microbial inoculants applied to the column, only two, At. caldus and F. acidiphilum persisted and, in most cases, dominated both the leachate and ore samples. Similar numbers of bacterial types were found, six for leachate and seven for the ores, but comprised different bacteria, excepting At. caldus that was always present. No differences were seen in the microbial populations from the ore obtained at four depths, indicative of relatively uniform conditions in the column.
The relative paucity of inoculants at the end of a bioleach has been observed for a variety of copper ores in this laboratory (Watling, unpublished data) and was recently noted by Wakeman et al. [8] for a copper-nickel-zinc ore. The persistence of At. caldus in both agitated and packed-bed bioreactors has been reported [8, 10] . Wakeman et al. [8] found that the populations in flask tests differed significantly from those in packed bed reactors; in flasks, L. ferriphilum was dominant but accompanied by small numbers of At. caldus, Am. ferrooxidans and L. ferrooxidans, while in the columns, L. ferriphilum dominated the consortium mid-way through the leach and At. caldus only emerged after 40 weeks. It is interesting to note that Sulfobacillus spp inoculated into the column (this work) and the columns and flasks of Wakeman [8] , apparently did not play a significant role in prolonged bioleaching. Foucher et al. [10] compared the evolution of microbial populations in agitated and air-lift reactors charged with cobaltiferous pyrite and found that At. caldus dominated the liquid phase initially but, with time, L. ferrooxidans dominated both liquid and solid phases. A third species, S. thermosulfidooxidans was sometimes detected in liquid or solid samples and grew better in the air-lift reactor.
A complex picture of the adaptation and succession of bacteria in agitated and/or packed bed sulphide bioreactors charged with different ores is emerging by means of this and cited studies. The results highlight the need for the analysis of both leachate and leached-ore samples from bioheaps to obtain a full understanding of population dynamics as a function of localized and changeable environmental conditions.
